['4C]choleragen was used to study the rate of disappearance of choleragen enterotoxin from the jejunum of rats.
Vibrio cholerae produces an enterotoxin which, when released by the organism, binds rapidly to the intestinal mucosal surface (19) . The effect of the toxin is to stimulate the secretion of fluid and the electrolytes. Five minutes after binding of the toxin to the mucosal surface, this secretory response cannot be prevented by washing the surface in an attempt to remove the bound toxin (11) . The toxin's effect has been shown to be mediated by stimulation of the enzyme adenyl cyclase to increase intracellular concentrations of adenosine 3',5'-cyclic monophosphate (6, 13, 15) . Adenyl cyclase in the intestinal mucosal epithelial cell is located in the plasma membranes of the basal and lateral margins of the cells, and it does not appear to be a normal constituent of the brush border (4, 9) . Thus, cholera toxin exerts its effect by either (i) causing an event to occur in the brush border, which leads to increased activity of adenyl cyclase in the basal and lateral cell membranes, or (ii) entering the cell and stimulating adenyl cyclase directly after intracellular transport of the toxin to the basal and lateral membranes. At the present time, there is some question of whether cholera toxin remains entirely on the surface while exerting its effect, or whether it enters the epithelial cells after binding to the surface. An autoradiographic study demonstrated that cholera toxin labeled with tritium does not enter the mucosal epithelial cell (10) , whereas an immunofluorescent study suggested that cholera toxin does enter these cells (5) . The purpose of the present investigation was to study the fate of cholera toxin in the intestine, with a more specific goal being to determine whether the toxin is absorbed by the intestinal mucosal cells. It would seem logical to assume that antigenically competent cholera toxin must be absorbed for the production of antibodies that confer immunity to protect against the toxin after a bout of the disease. In the intestine, these specific immunoglobulin A antibodies against cholera toxin are produced by plasma cells in the lamina propria and then are secreted into the lumen of the gut (12) .
MATERIALS AND METHODS Animals. The stimulation of secretion of intestinal fluid by cholera toxin was studied in the rat by using a method described previously (16) . Male Fisher rats, 200 to 300 g, were prepared for experiments by withholding food for 24 h but allowing them to drink a 5% glucose solution ad libitum. Under ether anesthesia, the small intestine was ligated at a point just distal to the ligament of Treitz, and its contents were flushed into the cecum with 10 ml of 0.9% saline, which was introduced with a syringe and 27-gauge needle. After the intestine was emptied, the distal end was ligated. Three 12-cm The rate of disappearance of ['4C]choleragen from closed loops of intestine in germfree rats was determined to ascertain if the intestinal microflora in conventional rats can alter choleragen and hence change its rate of disappearance. Fisher germfree rats were bred and raised using germfree equipment and germfree methods described previously (17) . The protocol used in the germfree rats was the same as that used for conventional rats.
Cholera toxin. A highly purified cholera toxin, choleragen lot 1071, was used which was prepared under contract for the P205 . Protosol (New England Nuclear) was used to solubilize loop tissue and also the residue remaining after evaporation of loop fluid. Aquasol (New England Nuclear) was added to the solubilized specimens, and radioactivity was determined in a scintillation counter. The sum of the total radioactivity in the loop fluid and in the tissue at the end of 6 h was used to calculate the percentage of injected counts that was left. The counts remaining at 6 h could have represented label present in both intact choleragen and its degradation products which would result from digestion either in the lumen of the intestine or within the cell. Moreover, the radioactivity that had disappeared from the intestinal loops is also assumed to represent degraded ['4Clcholeragen and possilby intact toxin. Thus, what is being measured in determining the disappearance rate is the result of both digestive and absorptive processes in the intestine. Parts of the study were designed to ascertain the relative importance of digestion versus absorption in the disappearance of labeled choleragen from the loops. Germfree rats and proteinase inhibitors were used in some groups to estimate the contribution of intraluminal digestion of ['4C]choleragen to its rate of disappearance.
Incubation of ['4C]choleragen and [14C]BSA
with mucosal cell homogenates. The mucosa was scraped from the jejunum of fasted rats and homogenized in 10 volumes of 0.15 M sucrose and 5 mM ethylenediaminetetraacetate, pH 7.0, with a motordriven Teflon pestle in a Potter-Elvehjem homogenizer. The nuclear and cell debris and heavy mitochondria were removed by centrifugation at 4,000 x g for 10 min. The supernatant was centrifuged at 55,000 x g for 10 min to yield a pellet containing light mitochondria and lysosomes. Both the pellet (after resuspension in 10 volumes of buffer) and the supernatant were used to study degradation of choleragen and BSA and were assayed for cathepsin (1) and N-acetyl glucosaminidase (using p-nitrophenyl-Aprotinin (1,000 KIU), soybean trypsin inhibitor ( (20) . The relative amount of protei'n in each band was estimated by scanning with a Gilford gel densitometer. The gels were sliced and each part was dissolved in 30% H202, after which Aquasol was added, and radioactivity was determined in a scintillation counter.
RESULTS
Fluid production and disappearance of ['4C]choleragen from loops of jejunum after 6 h. A substantial amount of fluid was produced when ['4C]choleragen was injected into loops of conventional rats (Table 1) . Greater than 30% of the radioactivity placed in the loops was not present 6 h later. The results of injection of labeled toxin into loops of germfree rats produced similar results. The addition of aprotinin to choleragen had no effect on fluid production but reduced the rate ofdisappearance of choleragen to 40% of that in loops with choleragen alone. Similar results were seen with protamine. Soybean trypsin inhibitor had no effect on fluid production or the disappearance rate of choleragen. Ganglioside and cerebroganglioside inhibited fluid production completely and also caused the rate of choleragen disappearance to fall more than 50%.
A very small amount of fluid was produced by heat-inactivated choleragen. This treatment of the toxin caused it to disappear at twice the rate of choleragen. Treatment of heat-inactivated toxin with aprotinin or ganglioside produced similar effects as these compounds had on choleragen.
The calculation of disappearance rates in loops with fluid was based on counts in loop fluid which represented 92 to 93% of the total counts at 6 h and on those in loop tissue which amounted to 7 to 8% of the total. These percentages were not significantly different between any of the groups of loops that produced fluid. In loops with no fluid, no attempt was made to flush the mucosal surface and to determine how much radioactivity was bound to or within the tissue and how much was free on the surface. There was no difference in the disappearance rate of ['4C]choleragen between the three loops in each rat. Therefore, the data were pooled for (Fig. 2a) . The upper band contained 69.2% of the total radioactivity, and the lower band contained 1.0% of the radioactivity. The remaining counts were in the top of the gel. Conventional electrophoresis of heated ['4C]choleragen resulted in less toxin entering the gel (Fig. 2b) . This type of treatment of the toxin results in the formation of a large aggregate, termed procholeragenoid, that does not readily enter this type of polyacrylamide gel (2) . The bands that were formed in the gel represented 61%/. of the total radioactivity that was added to the gel.
The fastest small band contained 6.7% of the total radioactivity. Of the remaining counts, 56.3% were in the beginning of the gel, 23.6%
were in the lighter zone beneath the top, and 12.9% were in the next to fastest band. Electrophoresis of both heat-treated and untreated labeled choleragen in sodium dodecyl sulfate and 2-mercaptoethanol resulted in the formation of three bands (Fig. 3) . The radioactivity in the slow, medium, and fast bands (top to bottom) in the untreated toxin was 35.2, 3.3, and 61.5%, respectively, and the amount of protein was 25.2, 33.6, and 41.2%, respectively. Radioactivity in the same bands in the heated choleragen was 10.6, 3.3, and 63.4%, respectively, of the amount added to the gels. Thus, radioactivity was lost in the slow band in the heated choleragen. The total amount of protein was the same in gels containing the heat inactivated as in the untreated. The distribution changed, however, as the protein content of the slow to fast bands was 18.4, 31.5, and 50.1%, respectively.
DISCUSSION
The disappearance of [4C]choleragen from loops of intestine can be the result of its absorption by the mucosal cell and subsequent transport into the circulation; or more likely, it is the result of a combination of absorption with proteolysis before and after. It would seem likely that cholera toxin would be degraded to some degree in the lumen of the intestine by proteases from pancreatic secretions, desquamated epithelial cells, and intestinal microorganisms. ['4Clcholeragen, (b) heat-inactivated ["4Clcholeragen, and (c) cytochrome c in PBS with 0.5% sodium dodecyl sulfate and 0.5% 2-mercaptoethanol on 10% polyacrylamide gel.
As a result, the label that is absorbed would be in the form of smaller intermediate products of proteolysis. However, choleragen has been shown to be resistant to digestion by trypsin, leucine aminopeptidase, and carboxypeptidase (7), and in this study two A second possibility is that choleragen is absorbed by the mucosal epithelial cell, after which it is digested by cytoplasmic or lysosomal enzymes. If the pH of the cytosol is close to 7.0, it is unlikely that degradation of choleragen occurred here, a conclusion based on the minimal digestion of choleragen of pH 7.0 measured in these studies and, as a first step information on degradation, was obtained from cell fractions. In studies on other tissues a direct correlation has been found between protein degradation rates in vivo and their susceptibility to lysosomal proteolysis (13) . It is suggested that a similar relationship may be present in this study.
It is not possible to ascertain whether any of the absorbed toxin escapes degradation. It is evident from these studies that modification of the toxin renders it more susceptible to proteolysis. This can be of importance in the production of a vaccine that is designed to be given orally. Such preparations could be expected to be effective if they can be readily degraded. Moreover, protease inhibitors would be of little value to protect any such preparation against degradation, whereas substances such as the gangliosides may offer protection without affecting the antigenicity.
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